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CME Objectives:
Upon completion of this article, the reader should be able to: (1) Understand the impact of tilt and recline positioning on interface pressures under the ischial tuberosities and sacrum/coccyx regions; (2) Describe the minimum angles of tilt and recline that result in significant reductions in interface pressures under the ischial tuberosities; and (3) Discuss the role of power tilt and recline positioning systems in the management of seated interface pressures with patients who have spinal cord injury.
Level: Advanced Accreditation: The Association of Academic Physiatrists is accredited by the Accreditation Council for Continuing Medical Education to provide continuing medical education for physicians. The Association of Academic Physiatrists designates this activity for a maximum of 1.5 AMA PRA Category 1 Credit(s) i . Physicians should only claim credit commensurate with the extent of their participation in the activity.
Si tting-acquired pressure ulcers are estimated to occur in more than half of the population with spinal cord injury (SCI). 1 Shortcomings in prevention and treatment have led to an estimated $1.2 billion per year spent on pressure ulcer care in the United States. 1 Despite clinical and technological advancements, pressure ulcerYrelated hospitalizations increased in excess of 75% between 1993 and 2006. 2 Research is more important than ever to improve understanding, and thereby curb the incidence, of pressure ulcers.
There is yet to be a comprehensive model of pressure ulcer etiology. Although moisture, temperature, hygiene, and nutrition contribute toward ulceration, 3, 4 mechanical loading is widely regarded as a principal cause. 5Y7 Mechanical loading initiates an ulcer-inducing sequence of biologic events: tissue deformation, vascular occlusion, tissue ischemia, and, ultimately, tissue necrosis. 7 Thus, load reduction and redistribution are used commercially to guide development and clinically to guide practice. 8, 9 Commercially, seating support surfaces aim to reduce forces at the bony prominences. In functional postures, the ischial tuberosities experience the highest loads and, not surprisingly, the highest incidence of pressure ulcers. Thus, seating technologies use principles of immersion (i.e., how deep the buttocks sink below the interface) and envelopment (i.e., how well the interface conforms to the buttocks) to redistribute the load throughout the seating interface. 10 In principle, immersive and enveloping surfaces facilitate pressure redistribution by increasing the total contact area. In practice, support surfaces alone are insufficient to prevent pressure ulcers. Thus, clinical practice serves to supplement seating technologies.
Clinically, it is recommended that wheelchair users with SCI perform weight shifts every 15Y30 mins for at least 2Y3 mins each. 11Y13 Users with adequate motor function may perform wheelchair push-ups, lateral leaning, and forward flexion. 10, 14, 15 For users without adequate motor function for manual weight shifts, power-assisted repositioning techniques are recommended, the most common of which include wheelchair tilt-in-space (tilt) and wheelchair recline. Tilt, which involves seat-to-ground angle changes against a constant seat-to-back support angle ( Fig. 1A) , is especially useful for users with high muscle tone and limited range of motion in the lower extremities; recline, which involves seat-to-back support angle changes against a constant seat-to-ground angle ( Fig. 1B) , provides additional pressure relief. 14 Empirically, interface pressure mapping (IPM) is used to assess the pressure-reducing characteristics of commercial technologies 8, 9, 16, 17 and clinical techniques. 18Y21 It has further been used to demonstrate an association between seating interface pressure and pressure ulcer incidence. Brienza et al. 22 used IPM to assess seating interface pressure in a randomized clinical trial of 32 elderly wheelchair users during the span of 12 mos. Peak pressure in participants who developed sitting-acquired pressure ulcers (115 [45] mm Hg) was significantly higher (P e 0.01) than those who did not (78 [22] mm Hg). The mean of the highest 4 pressures was also significantly higher (P e 0.01) among those with ulcers (89 [22] mm Hg) than those without (70 [16] mm Hg). The purpose of this study was to use IPM to investigate both ischial and coccygeal pressures in response to changes in body posture induced from six combinations of common wheelchair seat tilt angles (15, 25 , and 35 degrees) and back support recline angles (10 and 30 degrees). Few studies have reported coccygeal interface pressure, despite the coccyx being a common ulceration site. 23, 24 In a retrospective study of 120 veterans with SCI, 14% of the participants reported the sacrum-coccyx as the location of their most serious pressure ulcer, which
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FIGURE 1 A sample wheelchair configuration. A, Tilt is
performed by changing the seat-to-ground angle while maintaining the seat-to-back support angle. B, Recline is performed by changing the seat-to-back support angle while maintaining the seat-to-ground angle.
was second only to the ischia. 3 By comparing commonly used tilt and recline angles, the goal of the authors was to better understand the effect of tilt and recline angles on seating interface pressure at the ischial and coccygeal sites among wheelchair users with SCI.
METHODS
This study used an intervention and outcomes research design with repeated measures.
Participants
Wheelchair users with SCI (N = 13; mean [SD] age, 36.2 [10.0] yrs; body mass index, 24.6 [4.6] kg/m 2 ; duration of injury, 5.8 [5.9] yrs) were recruited via research flyers and referrals from a local rehabilitation hospital. The participants included four women and nine men: one Asian American, one multirace American, three African Americans, and eight white Americans. Inclusion criteria included having traumatic SCI between the levels of C4 and T6, being at least 6 mos after spinal injury, using a power wheelchair as their primary means of mobility, and using a wheelchair seat width between 43 cm (17 in) and 53 cm (21 in). Exclusion criteria included any diagnosis of cardiorespiratory or cardiovascular diseases, skeletal deformities (e.g., scoliosis, pelvic obliquity, hip and knee contracture), or active pressure ulcers. All participants provided informed consent to this study, which was approved by an institutional review board.
Instrumentation
Seating interface pressures were recorded with an IPM mat (CONFORMat 5330; Tekscan, South Boston, MA). The mat contains a 32 Â 32 grid-based array of extremely thin, flexible tactile sensors. The sensel array can measure an area up to 47.1 Â 47.1 cm, with each sensel measuring approximately 1.47 Â 1.47 cm. The mat system was calibrated before each participant's data collection, on the basis of the manufacturer's guidelines. A power wheelchair (C300 Corpus; Permobil, Lebanon, TN) with tilt and recline seating functions was used in this study. The seat width was 48 cm (19 in). A standard high-density precontoured foam seat cushion (Corpus seating system; Permobil, Lebanon, TN) was used in this study.
Tilt and recline configurations are shown in Figure 2 and described in the authors' previous studies with the exception of recline angle notation system. 25Y27 Previously, the authors reported recline as the angle between the seat and the back support. In keeping with current clinical practice, the authors have modified their recline angle notation to represent the sagittal angle of the back support or deviations from a vertical orientation. 28 That is to say, the authors' previously reported recline angles of 100 and 120 degrees are now reported as 10 and 30 degrees, respectively, although the actual recline configurations have not changed. Two digital angle gauges (WR300; Wixey, onlinebased company) were used to measure the wheelchair tilt and recline angles.
Protocol
The wheelchair configuration protocol is explained in the authors' previous study, which was conducted in parallel to assess skin perfusion response to tilt and recline. 25Y27 The tilt and recline protocol has been summarized in Figure 2 . 
Procedure
Before the experiment, participants provided informed consent and acclimated to room temperature (23-C [2-C]) for 30 mins. During the acclimation period, they were asked to empty their bladders, and the IPM mat was placed atop the standard precontoured seat cushion of the test power wheelchair. Upon completion of the acclimation period, the participant was transferred to a mat table to affix a laser Doppler flowmetry sensor, which was used to measure skin perfusion for the authors' parallel study regarding skin blood flow response to tilt and recline. 26 The participant was then transferred to the test power wheelchair, which contained an IPM mat at the interface between the cushion and the buttocks. The participant was asked to place his/her hands in the lap and to sit as far back as possible while remaining comfortable. The foot support was adjusted to ensure that the femurs were parallel to the floor. The ischial and coccygeal areas were palpated to ensure that they were positioned over the IPM mat. After a 6-min settling period to reduce the effects of creep, 29 the IPM mat was calibrated to the given participant according to manufacturer instructions.
Each experiment began with a washout configuration of 35 degrees of tilt and 30 degrees of recline. During the experiment, IPM samples were recorded at 10 Hz, and the angle tolerance was T3 degrees. To minimize operator effects, the same research assistant performed the tilt and recline adjustments for all experiments in this study. To minimize sequence effects, a balanced design with randomized testing protocols was used. To minimize carry-over effects, every testing condition was ended with a washout configuration of 35 degrees of tilt and 30 degrees of recline, which also served to provide a recovery period of maximal pressure relief to the participant at least every 15 mins, satisfying recommended pressure ulcer prevention guidelines. 26 Each participant spent approximately 100 mins completing the entire protocol.
Data and Statistical Analysis
Seating interface pressure was assessed with the peak pressure index (PPI) metric, which is defined as the sensel mean within a 9-to 10-cm 2 area of the bony prominences. 30 On the basis of the dimensions of the sensel array of this study, a sensel window of 3 Â 3 sensels was used. These dimensions were chosen primarily for two reasons. First, a 2 Â 2 sensel window would have fallen under the recommended 9-to 10-cm 2 area of the PPI metric. Second, the use of odd-and square-sided dimensions allowed the authors to consistently situate the peak sensel in the same location (i.e., the center) of the sensel window. Ischial pressure was quantified as the PPI under the ischial tuberosity, and coccygeal pressure was quantified as the PPI under the coccyx. Ischial and coccygeal PPIs during the upright-sitting period (0 degrees of tilt, 0 degrees of recline) served as the baseline standard of comparison. Pressures were normalized by dividing the PPIs in the testing positions with their corresponding baseline PPIs. Because up to 30 secs was needed to complete the tilt and recline angle adjustments, data obtained during the first 30 secs of each 5-min testing period were excluded from analysis.
Paired samples t tests were used to compare the normalized ischial and coccygeal PPIs between two recline angles (10 and 30 degrees) under each tilt angle (15, 25 , and 35 degrees). One-way analysis of variance with Fisher's least significant difference correction was used for pairwise comparisons of the ischial and coccygeal PPIs between three tilt angles (15, 25 , and 35 degrees) under each recline angle (10 and 30 degrees). All statistical tests were performed using SPSS 22 (IBM, Somers, NY) at the significance level of 0.05.
RESULTS

Ischial Tuberosity Tilt Angle Effect
With 10 degrees of back support recline, there was a significant decrease in seating interface pressure under the ischial tuberosity between tilt angles of 15 and 35 degrees (P G 0.05), whereas there were no significant differences in ischial pressure between tilt angles of 15 and 25 degrees and between tilt angles of 25 and 35 degrees ( Fig. 3) .
With 30 degrees of back support recline, there were no significant pairwise differences in ischial pressure between tilt angles of 15, 25, and 35 degrees ( Fig. 3 ).
Recline Angle Effect
With each tilt angle (15, 25 , and 35 degrees), there was a significant decrease (P G 0.001) in ischial pressure between recline angles of 10 and 30 degrees (Fig. 4 ).
Coccyx
Tilt Angle Effect
With 10 degrees of back support recline, there were no significant pairwise differences in seating interface pressure under the coccyx between tilt angles of 15, 25, and 35 degrees (Fig. 5 ).
With 30 degrees of back support recline, there was a significant decrease in coccygeal pressure between tilt angles of 15 and 25 degrees and between 15 and 35 degrees (Fig. 5 ).
Recline Angle Effect
With both 15 and 25 degrees of seat tilt, there were no significant pairwise differences in coccygeal pressure between back support recline angles of 10 and 30 degrees ( Fig. 6 ).
With 35 degrees of seat tilt, there was a significant decrease (P G 0.05) in coccygeal pressure between back support recline angles of 10 and 30 degrees ( Fig. 6 ).
DISCUSSION
In this study, ischial interface pressure monotonically decreased in response to increasing combinations of tilt and recline angles. However, incremental increases in tilt (+10 degrees) did not produce significant reductions in ischial pressure under either recline setting (10 and 30 degrees). Rather, the only significant reductions were observed between tilt differentials of 20 degrees. This suggests that, given a nonupright configuration of tilt and recline, an increment tilt of 20 degrees may be needed to induce a significant reduction in ischial pressure. In natural living conditions, tilt and recline functions will likely be initiated from a nonupright posture. Ding et al. 31 logged the power seating characteristics of 12 wheelchair users in their natural living environments. During the span of 2 wks, the wheelchair users spent only approximately half an hour per day in a fully upright position, defined in the study as 0Y2.5 degrees of tilt and 0Y5 degrees of recline. This is likely a result of the impairments to trunk control that result from SCI. 32,33 Fully upright positions are generally not supportive of comfort and stability, resulting in rare daily use. Thus, in natural environments, pressure relief will likely occur in relation to preexisting angles of tilt and recline. For such cases, the findings of this study suggest that a tilt increment of more than 10 degrees and up to 20 degrees may be needed to produce a significant reduction in ischial loading.
Ideally, research hopes to uncover a universal threshold to avoid pressure ulcer development. Realistically, such a universal threshold may not exist. Landis 34 experimentally determined the capillary pressure underneath the fingernail bed to be approximately 32 mm Hg, and although commercial technologies have frequently used this value to inform their design and development, research has yet to demonstrate a distinct cutoff value to prompt sitting-acquired pressure ulcers. 14, 26 Individual differences in risk factors and injury conditions are likely to confound any potential threshold values. 26 Although this research group's ultimate goal is to build a comprehensive model that incorporates these confounding factors into individualized thresholds, it may be more appropriate in the current stage to examine the benefits of incremental and relative adjustments. Among the tested angle combinations of this study, smaller incremental differences in tilt (+10 degrees) did not seem to provide sufficient ischial pressure relief, whereas larger increments (+20 degrees) provided significant ischial pressure reduction.
Ischial pressure changes are also associated with coccygeal pressure changes. Increases in coccygeal pressure were observed in response to the smallest four of six angle combinations (Figs. 2AYD) . Under 10 degrees of recline, pairwise increases in coccygeal pressure between tilt angles were not significant. Under 30 degrees of recline, tilting to 25 and 35 degrees resulted in significantly lower coccygeal pressures. Given these different responses in coccygeal pressure, further investigation may be warranted. Although the sacral-coccygeal location may be the second most common ulceration site in people with SCI, 3 few studies have examined coccygeal pressures. Pellow 35 assessed ischial and coccygeal pressures among three types of wheelchair cushions but not under dynamic tilt and recline conditions. A study by Giesbrecht et al. 18 assessed tilt angles (without recline) and reported monotonically decreasing coccygeal pressure in response to tilt.
In this study, coccygeal pressure increased in response to four tilt angles; however, the tilt conditions of this study were combined with either 10 or 30 degrees of back support recline (Figs. 2AYD) . The authors suspect that the addition of recline may have resulted in the pressure shifting from the ischia to the coccyx. However, at the largest combinations of tilt and recline ( Figs. 2E, F) , decreases in coccygeal pressure were also observed. One possible explanation is that, under these large angles, buttock-seat displacement was large enough to shift the coccyx off of the IPM mat. In the authors' previous examination of PPI calculation parameters, they found seating interface displacements of up to 6.6 cm. 36 Although the coccyx was palpated to ensure that it was situated over the IPM mat before the experiment, palpations were not performed mid experiment to avoid disruptions in IPM and skin perfusion readings. Thus, the coccyx may have shifted off of the mat during the largest combinations of tilt and recline angles, resulting in the observed coccygeal pressure decreases. Another potential explanation is that, during the largest combinations of tilt and recline, loading was redistributed from the ischial tuberosities to the back, rather than the coccyx. In the authors' previous work, they found that sacral skin perfusion did not decrease in response to wheelchair tilt and recline, suggesting that loading was not redistributed to the lower back. 27 On the basis of the preliminary findings in this current study, loading is redistributed to the coccyx at smaller combinations of tilt and recline angles. At larger combinations of tilt and recline angles, the authors suspect that loading may be redistributed to the lumbar or thoracic areas.
This study had limitations. First, only one IPM mat placed at the seating interface was used. Future work should include a second mat on the back support to determine whether interface pressure displacement moved the coccyx from the seat to the back support; the observed coccygeal pressure reduction was accompanied by lumbar or thoracic increases, or both. Second, a small, thin laser Doppler probe was placed under the ischial tuberosity to facilitate the collection of skin perfusion readings for a parallel study. 26 The authors' ultimate goal is to build a comprehensive model of the effects of tilt and recline, on the basis of simultaneous interface pressure and skin perfusion data. Third, only 13 wheelchair users with SCI were recruited. Future work should target a larger sample size to corroborate this study's current findings.
CONCLUSIONS
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